Viscous liquids are the precursors to glassy solids, a class of materials found in many important applications. Glasses are materials that have solidified via a gradual increase in viscosity, rather than by crystallization (1). As a result, understanding the dynamics of liquids near their glass transition temperature, T g , will help create better noncrystalline solids and improve our knowledge of their properties. Many of the interesting properties of glasses are the consequence of the structural disorder that glasses share with the liquid state. Disorder implies that each molecule in a liquid is subject to a different environment and thus may display different behavior regarding its dynamics. Therefore, the ideal method for studying the dynamics of materials is by an experiment that allows us to look at the sample one molecule at a time. Relative to previous single-molecule studies, the recent advance reported by Paeng et al. (2) is based on using a probe molecule that reflects the liquid's behavior with high fidelity.
There are many different ways to measure the dynamics with which a sample returns to equilibrium after some small perturbation (e.g., a jump in temperature, pressure, or external electric or magnetic field). A typical relaxation experiment measures the ensemble average (i.e., the overall effect of all molecules of the system), and this relaxation is dispersive in the sense that fast and slow processes occur (1). In a neat single-component liquid such as ortho-terphenyl, all molecules are chemically identical and this could lead to the idea that all molecules should display identical dynamics. This is the picture of homogeneous dynamics outlined in Fig. 1 , where each molecule contributes to the ensemble average in the same manner, and a local or single-molecule measurement would yield the same relaxation pattern as seen for the entire sample.
By contrast, heterogeneous dynamics refers to the situation in which different spatial regions contribute to the overall relaxation with site-specific time scales. An extreme such case is depicted in Fig. 2 , where it is assumed that every local contribution is characterized by a single time constant τ, and the ensemble average, ϕ avg (t), is the superposition of exponential processes, exp(−t/τ), with region-specific values of τ, according to
Here, g(τ) is the probability density or volume fraction of regions characterized by τ. As emphasized in Figs. 1 and 2, the ensemble averages of the two very different models of liquid dynamics are the same, implying that experiments limited to probing the macroscopically averaged behavior cannot be decisive regarding the nature of local dynamics. The recognition of this limitation has prompted the advent of novel techniques that could discriminate homogeneous from heterogeneous dynamics, notably the higher-dimensional NMR techniques (3), dielectric hole burning (4), and photobleaching techniques (5) . These studies lead to a variety of observations that required the assumption of heterogeneous dynamics to explain the findings already at a qualitative level (6, 7).
The concept of heterogeneous dynamics gives rise to two issues ( Fig. 2 ) that are irrelevant in the homogeneous counterpart: Given that a relatively fast region has been identified, what is the length scale (ξ) separating this region from a much slower one, and what is the time scale (τ ex ) with which this region exhibits rate exchanges from fast to slow dynamics? It is in regard to these more quantitative aspects of heterogeneity that single-molecule techniques are particularly powerful compared with less-direct approaches. Numerous single-molecule studies exist, but a common feature is that the spectroscopic probe molecules (guest) had been considerably larger than the liquid constituents (host), leading to probe dynamics that are slower than those of the bulk liquid. The sensitivity of the shape and size of the guest molecule relative to the host has been demonstrated repeatedly (6, 7) and was emphasized by Bingemann and coworkers (8) . The effect of a bulky versus ideal probe molecule is outlined in Fig. 3 : Single-molecule probes must have optical properties that are distinct from those of the liquid constituents, but ideal probe molecules would show the same dynamics as the host (red and blue probes in Fig. 3 ). Any larger probe (brown probe in 3 ) is associated with slower rotational motion, possibly slower than the exchange time τ ex , which would lead to such a probe reporting only the time-averaged dynamics (9). In the hydrodynamic limit of a very large object, the Debye-Stokes-Einstein relation states that the rotation correlation decay is purely exponential, with its rate being a matter of object volume and the viscosity of the medium. In this case, the probe is blind to the heterogeneous nature of the liquid dynamics. As with the host molecules, ideal probes will sense different environments regarding packing and can be expected to show the same heterogeneity as the bulk liquid (10) .
In the paper by Paeng et al. (2), the ideal character of the probe is asserted by comparing its averaged rotational relaxation behavior, τ rot , against that of the host, and both the absolute time scales and temperature dependences were practically identical. The main result of this clever experiment is the evolution of the rotational dynamics of the probe with averaging time applied to the dichroism trajectories. The dynamics are gauged by fitting with the stretched exponential or Kohlrausch-Williams-Watts decay function
, where the exponent with 0 < β ≤ 1 is a measure for the dispersion of g(τ) in Eq. 1. The case of β = 1 represents the purely exponential limit, characterized by a single time constant. For averaging times that are short relative to the exchange time τ ex , trajectories are approaching β > 0.9, consistent with local exponential behavior. At longer averaging times, analogous to the time axis in Fig. 2 , the environment of the probe (and thus its time constant) will fluctuate and the average displays a more dispersive character. At very long averaging times, the stretching exponent β of this time average approaches the (quasi) ensemble limit, β QE = 0.65. From this observation, it is concluded that it takes 200 times the median relaxation time to recover ergodicity. Compared with other approaches to heterogeneous dynamics, the ideal-probe single-molecule experiment is advantageous because it provides a direct observation of the fluctuations governing heterogeneity. The risk of indirect observation of heterogeneity that relies on a particular model can be explained on the basis of Figs. 1 and 2: Fig. 2 could be misinterpreted as implying that dispersive average dynamics originates from fluctuating time scales, but that conclusion holds only if all alternative explanations of the dispersion (such as the picture of Fig. 1) can be excluded.
The exchange time, τ ex , is often expressed in relation to the average structural relaxation time, τ α , for example by the memory parameter, Q = τ ex /τ α (11), with the inherent ambiguity of how τ α is quantified. Reports for values of Q have ranged from 1 to 10 6 . Examples of earlier single-molecule studies relate to poly(vinylacetate) (τ g /τ h = 80, Q < 80) (8) , ortho-terphenyl (τ g /τ h = 20, Q = 300) (12) , and glycerol (τ g /τ h = 80, Q > 10 6 ) (13), where τ g /τ h represents the guest (probe rotation time)-to-host (α relaxation time) relaxation time ratio, which is unity for an ideal probe. Larger, and thus slower, probes are used in the above cases, and the resulting temporal averaging leads to values of Q that are too high because rate exchange becomes a rare event. Many other studies are consistent with τ ex ≈ 3τ α , where τ ex is the time a mode retains its time constant (6, 7) . The time until one mode has experienced all possible environments and thus restored ergodicity has to be much longer than τ ex , as found in the ideal-probe single-molecule work of Paeng et al. (2) . This single-molecule approach to the dynamics of glass-forming materials may also have the potential to directly observe the nontrivial length scales (Fig. 2) involved in the glass transition phenomenology of viscous liquids. Fig. 3 . Schematic comparison of ideal probes versus probes that are too bulky and thus reorient too slowly. As the liquid constituents (yellow), ideal probes (red and blue) display site-specific time constants as a result of fluctuating environments (packing density in this picture) because they relax faster than τ ex (the red, shaded time interval). For the more hydrodynamic probe (brown), the environment changes frequently during the relaxation time of the probe, which is therefore sensing a timeaveraged environment and blind to heterogeneity.
